Cardiomyocyte (CM) differentiation techniques for generating adult-like mature CMs remain imperfect, and the plausible underlying mechanisms remain unclear; however, there are a number of current protocols available. Here, to explore the mechanisms controlling cardiac differentiation, we analyzed the genome-wide transcription dynamics occurring during the differentiation of human pluripotent stem cells (hPSCs) into CMs using embryoid body (EB) formation. We optimized and updated the protocol to efficiently generate contracting CMs from hPSCs by adding fetal bovine serum (FBS) as a medium supplement, which could have a significant impact on the efficiency of cardiac differentiation. To identify genes, biological processes, and pathways involved in the cardiac differentiation of hPSCs, integrative and comparative analyses of the transcriptome profiles of differentiated CMs from hPSCs and of control CMs of the adult human heart (CM-AHH) were performed using gene ontology, functional annotation clustering, and pathway analyses. Several genes commonly regulated in the differentiated CMs and CM-AHH were enriched in pathways related to cell cycle and nucleotide metabolism.
Introduction
Human pluripotent stem cells (hPSCs) have enabled researchers to understand the physiological and pathological mechanisms of both human development and disease in entirely new ways. 1 The multifaceted applications of hPSCs, which include human embryonic stem cells (hESCs) and human induced pluripotent stem cells (hiPSCs), would be greatly facilitated both by the derivation of hPSC lines from diverse genetic backgrounds and individuals with diseases and by the establishment of cell differentiation protocols that yield fully functional tissue-or organspecific cells. 2 In particular, there is a growing need to generate hPSC-derived cardiomyocytes (CMs) for studying human heart development, developing a human cardiac model and providing alternative cell sources for cell replacement therapy. 3, 4 Differentiation of hPSCs into CMs can be induced in vitro by modulating signaling pathways, such as the Wnt, BMP, and Notch signaling pathways, which are implicated in cardiac development during embryogenesis. 5, 6 Recent advances in cardiac differentiation protocols have made it possible to differentiate hPSCs efficiently into human CMs and to acquire a more defined cell population of CMs suitable for drug testing and disease modeling in vitro. CM differentiation protocols using three-dimensional (3D) embryoid bodies (EBs) are widely used to generate spontaneously contracting CMs from a variety of hESC and hiPSC lines, although there are other possible approaches, including co-culture of hPSCs with a mouse visceral endoderm-like cell line (END-2) and directed differentiation of hPSCs in the monolayer format. [7] [8] [9] [10] It is reported that the formation of EBs, which are cell aggregates in suspension culture, capable of generating beating CMs requires fetal bovine serum (FBS), which drives cardiac differentiation in an endodermdependent manner. 11 Though the presence of FBS can have a marked impact on the efficiency of cardiac differentiation, there is considerably less information about how FBS influences the mechanisms that control the differentiation of hPSCs into CMs.
Based on the critical role of FBS in cardiac specification, in this study, we attempted to elucidate the molecular mechanisms promoting CM differentiation using a combined protocol that includes EB-mediated CM differentiation, seen in our previous research, and FBS. 12 We performed integrative and comparative analyses of the transcriptome profiles of CMs derived from both hESCs and hiPSCs and of control CMs of the adult human heart (CM-AHH). Using bioinformatic tools, we performed gene ontology (GO) enrichment analysis to evaluate molecular networks governing the differentiating CMs.
Materials and methods hPSC culture
We used the hESC line H9 (WiCell Research Institute, Madison, WI, USA) and hiPSC line previously established from human fibroblasts (CRL2097, ATCC; Manassas, VA, USA). 13 Briefly, cells were maintained on irradiated mouse embryonic fibroblasts in DMEM/F12 (Invitrogen, Carlsbad, CA, USA) supplemented with 20% Knockout Serum Replacement (SR, Invitrogen), 1% nonessential amino acids (Invitrogen), 1% GlutaMax (Invitrogen), 0.1 mM b-mercaptoethanol (Sigma-Aldrich, St. Louis, MO, USA), 1% penicillin/streptomycin (Invitrogen), and 8 ng ml À1 basic fibroblast growth factor (Invitrogen). hPSC colonies were passaged once a week by mechanical dissociation.
Differentiation of hPSCs into CMs
To induce CM differentiation, we generated EBs as described previously. 14 hPSCs were mechanically dissected into small clumps using a McIlwain Tissue Chopper (The Mickle Laboratory Engineering, UK) followed by collagenase IV (1 mg ml À1 , Invitrogen) treatment. EBs were formed using EB media consisting of DMEM/F12, 1% non-essential amino acids, 1% GlutaMax, 0.1 mM b-mercaptoethanol, and 25 ng ml À1 BMP2 (R&D Systems, Minneapolis, MN, USA) supplemented with either FBS or SR. hPSC clumps were transferred to a Petri dish and cultured in suspension for 5 days. The yield of EB formation was evaluated by dividing the number of EBs by the total number of inputted clumps. EBs grown in suspension for 5 days were seeded onto 60 mm plates (Falcon, BD Biosciences, Basel, Switzerland) coated with gelatin (0.2%, Sigma-Aldrich) and containing a CM medium with Knockout-DMEM supplemented with 10% FBS, 1% non-essential amino acids, and 1 mM L-glutamine, and 25 ng ml À1 BMP2 (R&D Systems, Minneapolis, MN, USA). The medium was changed every 2 days. Five days after attachment, spontaneously contracting clusters were observed via microscopy. The CM medium was further modified for different energy substrate conditions by adding proper carbon sources such as galactose alone (10 mM, Sigma-Aldrich) and galactose in combination with fatty acids (100 mM oleic acid and 50 mM palmitic acid, Sigma-Aldrich).
Reverse-transcribed-PCR (RT-PCR) and quantitative real-time RT-PCR (qPCR)
Total RNA was extracted from cells using the RNeasy kit (Qiagen, Hilden, Germany) and reverse-transcribed using a Superscript IV First-Strand Synthesis System Kit (Invitrogen) as described previously. 15 As a positive control, total RNA from CM-AHH was purchased from Applied StemCell Inc (Menlo Park, CA, USA, Cat# ASD-0061). Semi-quantitative RT-PCR was carried out under the following conditions: 5 min at 95 1C; 30-40 cycles of 30 s at 94 1C, 30 s at 55-60 1C, 30 s at 72 1C, and 5 min extension at 72 1C. qPCR was performed using SYBR green PCR Master mix (Applied Biosystems, Foster City, CA, USA) and a 7500 Fast Real-time PCR system (Applied Biosystems). We used GAPDH as the internal standard and the CT value for each target gene was calculated using the software provided by the manufacturer. The primers used in this study are listed in Table S1 (ESI †).
Immunofluorescence
Immunofluorescence analysis was performed as described previously. 16 Five-day-old EBs were attached onto 0.2% gelatincoated plastic coverslips in a 4-well plate. After we observed contracting EBs, the EBs were fixed in 4% formaldehyde and permeabilized with 0.1% triton X-100. After being blocked with 4% normal donkey serum in PBS, the samples were incubated at 4 1C overnight with anti-GATA4 (1 : 100, Abcam, MA, USA), anti-aMHC (1 : 500, Abcam), anti-ANP (1 : 100, Chemicon, CA, USA), and anti-Troponin T (cTnT; 1 : 200, Thermo Scientific, Madison WI, USA) antibodies, followed by incubation in the appropriate secondary antibodies for 1 h at room temperature. The nuclei were stained with DAPI (1 mg ml À1 , Invitrogen) and the samples were examined with a fluorescence microscope (IX51, Olympus, Japan).
Microarray and bioinformatic analysis
Microarray experiments were carried out according to the manufacturer's instructions using Agilent's low RNA input linear amplification kit (Agilent Technology, Santa Clara, CA), cRNA cleanup module (Agilent Technology) and one-color (Cy3) Whole Human Genome Microarray 4 Â 44 K (Agilent Technology) as previously described. 17 The gene expression data were processed using GeneSpring GX (Agilent Technology) and normalized using global scale normalization. Differentially expressed genes (DEGs) were selected based on a 42-fold change. A heatmap with hierarchical clustering was generated using MeV software (v4.9.0). 18 Functional annotation clustering and KEGG analyses were performed using David Bioinformatics Resources 6.7 (http:// david.abcc.ncifcrf.gov). 19 
Results

FBS promotes the differentiation of hPSCs into a cardiac lineage via 3D EBs
First, we compared two representative serum products, FBS and SR, as a medium supplement in order to assess their ability to promote the formation of EBs to induce efficient cardiac differentiation of hPSCs. FBS was not effective for the formation of EBs for cardiac differentiation (Fig. 1A) . On day 1 of EB formation, 96.0% and 88.2% of cell clumps had formed EBs in SR-containing and FBS-containing media, respectively. After maintenance in the suspension culture for an additional 4 days, 84.0% of EBs were formed in the SR-containing medium, whereas only 17.3% of EBs were formed in the FBS-containing medium ( Fig. 1B ; **p o 0.01). Next, we investigated whether SR and FBS could influence the expression of markers in the three germ layers. The transcript expression levels of the pluripotency marker genes OCT4 and NANOG were rapidly downregulated in both SR-containing and FBS-containing media (Fig. 1C ). The expression of marker genes for endoderm linages (a-FP, GATA4, and GATA-6) and mesoderm linages (VEGFR2, TBX6, and Brachyury (T)) was significantly higher in the FBS-containing medium than in the SR-containing medium, whereas there were no significant differences in the expression of marker genes for ectoderm linages (PAX6, TUJ1, and NESTIN) between SR-containing and FBS-containing media ( Fig. 1D ; **p o 0.01 or *p o 0.05). Moreover, the expression of markers for cardiac development (ISL1, NKX2.5, TBX20, MEF2C) was significantly higher in the FBS-containing medium than in the SR-containing medium after only 5 days ( Fig. 1E ; **p o 0.01), which is consistent with a previous report. 11 Taken together, these results indicate that FBS can affect the cardiac lineage commitment of hPSCs in the early differentiation stage.
Differentiation of hPSCs into contracting CMs
We optimized the differentiation conditions needed to generate CMs from hPSCs using EB-mediated differentiation with FBS ( Fig. 2A ) based on previous protocols. 20 After 5 days of EB attachment, we observed the appearance of spontaneously contracting clusters, which are indicative of CM differentiation (Movie S1, ESI †). Beating was maintained over 8 weeks. The percentage of beating EB clusters was 19.2% in our optimized CM differentiation medium with FBS, whereas the percentage of beating EB clusters was less than 1% in the CM differentiation medium containing SR at 20 days after differentiation ( Fig. 2B ; **p o 0.01). To confirm the relationship between the contracting clusters and the cardiac-specific protein expression, differentiated CMs containing beating areas at day 20 were stained by immunofluorescence with specific antibodies. All analyzed beating areas were positive for cardiac-specific markers (GATA4 and ANP) and cardiac maturation markers (aMHC and cTNT) ( Fig. 2C and Movie S1, ESI †). Increased expression of cardiac differentiation markers, including GATA4, NKX2.5, and MYL7, was also observed in differentiated CMs derived from both hESCs (hESC-CMs) and hiPSCs (hiPSC-CMs) ( Fig. 2D ). However, the expression levels of these genes were still lower than those of the control CM-AHH samples (Fig. 2D ). These data suggest that the optimized CM differentiation protocol using FBS can induce contracting CMs in vitro.
Comparative analysis of gene expression during CM differentiation
To explore the mechanisms underlying CM differentiation of hPSCs, microarray analyses were performed in undifferentiated hPSCs (hESCs and hiPSCs), differentiated CMs (hESC-CMs and hiPSC-CMs), and control CM-AHH. A heatmap displaying hierarchical clustering results from the whole gene expression profiles showed that differentiated CMs preferentially clustered with CM-AHH ( Fig. 3A) . A principal component analysis (PCA) also confirmed that hESC-CMs and hiPSC-CMs were distinctly separated from undifferentiated hPSCs, and the global transcription of differentiated CMs is highly similar to that of CM-AHH ( Fig. 3B ). Most importantly, the expression patterns of genes associated with the gene ontology (GO) terms related to CM differentiation, such as cardiomyocyte, ventricle, atrium, and cardiac contraction, were similar to those of CM-AHH after CM differentiation ( Fig. 1C) . Of 215 total genes, 153 (71.16%) and 149 (69.77) were commonly regulated in hESC-CMs and hiPSC-CMs, respectively, compared to CM-AHH ( Fig. 1D ).
Significant expression changes in cell cycle-regulated genes in differentiated CMs derived from hPSCs
The Venn diagram indicates overlapping and distinct transcriptome signatures, whereby 6637 genes, 1250 of which were commonly upregulated and 5387 were commonly downregulated (42-fold change), were expressed in hESC-CMs, hiPSC-CMs and CM-AHH ( Fig. 4A) . To obtain a more comprehensive understanding of the functions of commonly regulated genes in all three samples, we performed GO term enrichment analysis 
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using DAVID functional annotation clustering, which displays functionally linked groups by reducing the redundancy of the annotation. 19, 21 Twelve significant annotation clusters were identified, including those related to cell cycle, condensed chromosomes, DNA replication, the cytoskeleton, DNA metabolic processes, DNA binding, embryonic organ development, spindle organization, the extracellular matrix, skeletal system morphogenesis, stem cell differentiation and sarcomeres, based on statistical criteria (p o 0.05 and an enrichment score of at least 2) ( Fig. 4B ). As hPSCs were differentiated into CMs, GO terms, such as embryonic organ development and skeletal system morphogenesis, were also enriched. Since differentiated hESC-CMs and hiPSC-CMs appeared as contracting clusters, related GO terms, such as sarcomere and contractile fiber parts, were also enriched. Pathway analysis using the KEGG database showed that these commonly regulated genes were significantly associated with several pathways, including the cell cycle, DNA replication, spliceosomes, mismatch repair, homologous recombination, purine metabolism, aminoacyl-tRNA biosynthesis, pyrimidine metabolism, oocyte meiosis and p53 signaling pathways (p o 0.01) ( Fig. 4C ). There were common expression changes for the majority of genes involved in the cell cycle and nucleotide metabolism. The expression patterns of cell cycle-related genes, determined from the microarray data, were very similar between samples with 86 commonly regulated genes in all samples (82.69% of 104 cell cycle-related genes) ( Fig. 4D ) and these expression patterns were subsequently validated by RT-PCR. The expression of core genes in the cell cycle network, including CDK2, CDC25A, CDC25B, and CCNB1, was not significantly different in hESC-CMs, hiPSC-CMs or CM-AHH (Fig. 4E) . These results demonstrated that CM differentiation of hPSCs is accompanied by dramatic changes in the cell cycle profile. The colors represent genes whose expression was affected by CM differentiation (2-fold cut-off) in hESC-CMs and hiPSC-CMs. Note that the majority of these gene expression changes shifted towards control CM-AHH expression levels (pink). A small subset of genes displayed expression changes opposite from CM-AHH expression (gray).
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Differential expression of genes involved in oxidative phosphorylation between hPSC-derived CMs and CMs of the human heart
The differentially expressed genes (DEGs) between differentiated CMs derived from hPSCs and CM-AHH (209 genes with 42-fold change) were also subjected to GO term enrichment analysis. Six significant annotation clusters were identified, including those related to oxidative phosphorylation, the tricarboxylic acid (TCA) cycle, cardiac muscle contraction, coenzyme metabolic processes, sarcomeres and lipid synthesis, based on statistical criteria (p o 0.05, an enrichment score of at least 1.4) (Fig. 5A ). Among the genes in the top functional annotation clusters, oxidative phosphorylation was also identified as the most significant pathway via KEGG pathway analysis (Fig. 5B ). In addition, the cardiac muscle contraction and TCA cycle pathways were enriched for differentially downregulated genes in hESC-CMs and hiPSC-CMs compared to those in CM-AHH. The expression profiles of oxidative phosphorylationrelated genes were largely distinct between differentiated CMs and CM-AHH (Fig. 5C ). In hESC-CMs and hiPSC-CMs, the expression of most genes involved in oxidative phosphorylation was lower than that of CM-AHH. To further verify the microarray data, the major genes identified that were involved in oxidative phosphorylation, including genes encoding the mitochondrial respiratory complex (complex I: NDUFB7 and NDUFB2; complex II: SDHA, SDHD; and complex III: COX10, UQCRC1, UQCRFS1, and CYC1), were analyzed by qPCR analysis (Fig. 5D ). The expression patterns of all genes were found to be consistent with the microarray data for all samples, showing that genes involved in oxidative phosphorylation are expressed at lower levels in hESC-CMs and hiPSC-CMs compared with those in CM-AHH. To investigate whether our microarray data have practical utility for cardiac differentiation, 
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we tested whether exposure to a carbon source, which makes the cells dependent on oxidative phosphorylation for the energy source, would increase the expression of oxidative phosphorylationassociated genes in our EB-mediated CM differentiation system.
When the cells were grown in a medium with galactose alone or with galactose in combination with fatty acids, hiPSC-CMs expressed higher levels of several genes identified that were involved in oxidative phosphorylation, including genes encoding the mitochondrial respiratory complex (complex I: NDUFB7; complex II: SDHA; and complex III: COX10 and CYC1) (Fig. 5E ). The upregulation of these oxidative phosphorylation-related genes was accompanied by upregulated expression of cardiac differentiation markers, including GATA4 and HAND2 (Fig. 5F ).
Discussion
Although differentiation protocols have improved dramatically, there are still several challenges that must be solved for efficient CM differentiation, such as addressing the immaturity of CMs derived from hPSCs in vitro and the variable differentiation efficiency between hPSC lines. These challenges could be overcome by investigating differentiation conditions, such as media composition and the underlying mechanisms related to cardiac differentiation. In this study, we have described the changes that occur in hESC-CM and hiPSC-CM transcriptomes between undifferentiated hPSCs and control CM-AHH. Global gene expression profiling of hPSC differentiation enables a systems-based analysis of the biological processes through GO and pathway enrichment analyses and of genes that drive the differentiation into CMs. Recent studies have identified several differentiation promoting factors for CM differentiation of hPSCs, including ascorbic acid, FGF-2, lithium chloride, and FBS. 22, 23 We used the EB-mediated protocol with FBS to differentiate hPSC lines and generate spontaneously contracting CMs. FBS and SR were compared for their ability to affect the specification of the three germ layers and, in particular, the cardiac differentiation of hPSCs. The expression levels of transcription factors implicated in mesoderm or endoderm specification were increased at earlier time points with FBS than with SR. Moreover, the expression of cardiac transcription factors was significantly higher in FBS, which was consistent with a previous report. 11 We also performed robust bioinformatics analysis of hESC-CMs and hiPSC-CMs and compared them with CM-AHH because evaluating how closely the differentiated cells in our system compare with adult CMs obtained from human donors, a gold standard, is very important. The importance of how cell cycle changes relate to differentiation of hPSCs has been reported. 24 The state of stem cells in the cell cycle controls differentiation signals and cell fate propensity. 25 Genes related to the cell cycle pathway and nucleotide metabolism were highly expressed in hPSCs, and most of them, including CDK2 and cyclin B, decreased rapidly or were tightly regulated in a tissue-specific manner during differentiation. 26, 27 In our microarray analysis, we observed that the differentiated CMs and CM-AHH have cell cycle and nucleotide metabolism in common as predominant GO terms. This observation correlates with the fact that undifferentiated hPSCs are actively dividing cells in vitro, while their differentiated derivatives, including CMs, contain relatively senescent cells, just like the adult human heart. 28 Therefore, our CM differentiation system can shift the pattern of gene expression, especially in the cell cycle pathway, in hPSCs towards that of CM-AHH, which provides proper differentiation signals.
It has been known that gene expression profiles differ based on differentiation protocols, culturing conditions, cell lines and analytical methods. [29] [30] [31] The study by Li et al. provided insight into the molecular changes of novel regulatory mechanisms and dynamic expression patterns of important pathway components during cardiovascular differentiation through multipotential cardiovascular progenitor cells (MCPs) in a lineage-specific manner using deep transcriptome sequencing (RNA-sequencing). 32 We therefore compared the data obtained by using our microarray-based analysis with those from the RNA-sequencing data of hESC-derived MCPs, which are the common progenitors of cardiovascular lineages, and CMs differentiated from MCPs. All pluripotency marker genes were downregulated in hESC-CMs and hiPSC-CMs, whereas cardiacrelated marker genes were highly upregulated (Fig. S1A, ESI †) . Consistent with this report, several genes belonging to the Ephrin/Eph receptor signaling pathway, including EPHB3, EFNB2, and EPHB2, were highly enriched during cardiovascular differentiation (Fig. S1B, ESI †) . Furthermore, our microarray data also showed that the key component genes of the Wnt, TGF-b and Notch signaling pathways, which are known to play important roles in cardiovascular differentiation, exhibited temporal and lineage-specific expression patterns in hESC-CMs and hiPSC-CMs ( Fig. S1C-E, ESI †) . Taken together, these results suggest that the dynamic expression patterns of diverse signaling pathways are relevant for the control of proper development of cardiovascular lineages, regardless of the cardiac differentiation protocol used.
The state of oxidative metabolism is closely linked with cell fate specification and differentiation. 33 A state of reduced oxidative phosphorylation is necessary for hPSCs to maintain their pluripotent state. 34 On the other hand, mitochondrial oxidative phosphorylation is generally accelerated during cardiac differentiation from hPSCs and mouse ESCs, accompanied by the expansion of the mitochondrial network, higher respiratory capacity and a shift from glycolysis to oxidative phosphorylation. 13, 35, 36 When looking at the functional annotation clustering and pathway analyses that are differentially enriched, we found a pattern suggesting increased metabolic activity, such as oxidative phosphorylation, in CM-AHH but not in hESC-CMs and hiPSC-CMs. These energy-related pathways are likely required for CMs to contract rhythmically. 37 Genes encoding subunits of NADHubiquinone oxidoreductase (complex I), succinate dehydrogenase (complex II), and the ubiquinol-cytochrome c reductase complex (complex III) were barely expressed in hESC-CMs and hiPSC-CMs compared with their expression in CM-AHH. Moreover, though spontaneous contraction was observed in hESC-CMs and hiPSC-CMs, related GO terms, such as cardiac muscle contraction and the sarcomere, were still differentially enriched. These contradictory results could be caused by non-synchronized oscillatory patterns in the contraction of differentiated CMs, whose contraction was somewhat irregular. This finding suggests that differentiated CMs derived from hPSCs have not adequately matured, at least in terms of energy metabolism. Although the presence of FBS, which contains a cocktail of factors for stimulating CM differentiation, has an impact on differentiation efficiency, it does not fully induce differentiation into mature CMs. Actually, when cultured with galactose or galactose and fatty acids, hiPSC-CMs expressed higher levels of several genes identified that were involved in oxidative phosphorylation, though these expression levels were still lower than those in CM-AHH. These data raise the possibility that hiPSC-CMs can shift from glycolysis to oxidative phosphorylation when cultured with alternative energy sources in order to force ATP generation through oxidative phosphorylation, consistent with previous studies. 29, 38 Therefore, it is evident that further research is required to understand how to upregulate deficient pathways, such as energy-related pathways, and to induce CM maturation in vitro prior to use for in vitro and in vivo applications, such as toxicity testing, drug screening, cardiac disease modeling, tissue engineering and transplantation.
Conclusion
We performed integrative and comparative analyses of the transcriptome profiles of differentiated CMs and CM-AHH to identify genes involved in cardiac differentiation of hPSCs that are both commonly and uniquely differentially expressed, providing insights into the mechanisms underlying the in vitro cardiac differentiation of hPSCs using a representative CM differentiation protocol. Given that genes associated with energy metabolism were not sufficiently expressed in differentiated CMs, follow up studies will be conducted to determine whether the augmentation of energy metabolism can improve the maturity of differentiated CMs.
